Abstract Aims/hypothesis: The aim of this study was to investigate the association of dietary macronutrient composition and energy density with the change in body weight and waist circumference and diabetes incidence in the Finnish Diabetes Prevention Study. Subjects and methods: Overweight, middle-aged men (n=172) and women (n=350) with impaired glucose tolerance were randomised to receive either 'standard care' (control) or intensive dietary and exercise counselling. Baseline and annual examinations included assessment of dietary intake with 3-day food records and diabetes status by repeated 75-g OGTTs. For these analyses the treatment groups were combined and only subjects with follow-up data (n=500) were included. Results: Individuals with low fat (<me-dian) and high fibre (>median) intakes lost more weight compared with those consuming a high-fat (>median), low-fibre (<median) diet (3.1 vs 0.7 kg after 3 years). In separate models, hazard ratios for diabetes incidence during a mean follow-up of 4.1 years were (highest compared with lowest quartile) 0.38 (95% CI 0.19-0.77) for fibre intake, 2.14 (95% CI 1.16-3.92) for fat intake, and 1.73 (95% CI 0.89-3.38) for saturated-fat intake, after adjustment for sex, intervention assignment, weight and weight change, physical activity, baseline 2-h plasma glucose and intake of the nutrient being investigated. Compared with the low-fat/high-fibre category, hazard ratios were 1.98 (95% CI 0.98-4.02), 2.68 (95% CI 1.40-5.10), and 1.89 (95% CI 1.09-3.30) for low-fat/low-fibre, high-fat/high-fibre, and high-fat/low-fibre, respectively. Conclusions/interpretation: Dietary fat and fibre intake are significant predictors of sustained weight reduction and progression to type 2 diabetes in high-risk subjects, even after adjustment for other risk factors.
Introduction
Recent trials have demonstrated that the risk of type 2 diabetes can be successfully reduced by lifestyle intervention [1, 2] . Weight loss and increased physical activity achieved as a result of the interventions are significant predictors of risk reduction [3] . However, it is obvious that weight reduction can only be achieved by lifestyle changethat is, either by increasing energy expenditure by physical activity or by decreasing dietary energy intake.
Reduction in energy intake can be achieved either by decreasing the total amount of food by portion size control, or by changing the composition of the diet towards lower energy density while maintaining the food quantity. Typically, fat increases while water and fibre decrease energy density [4] . There is some evidence claiming that high-fat diets promote energy excess and weight gain [5, 6] ; however, the issue remains controversial [7] . Intake of dietary fibre has been shown to be inversely correlated with body weight and weight change [8] . In addition to their possible indirect effect on diabetes risk through body weight regulation, several dietary factors, such as high-fat [9, 10] , high-saturated-fat [10, 11] , and low-fibre intake [12] [13] [14] [15] , have been proposed as independent risk factors for type 2 diabetes.
We have previously shown that in overweight, middleaged men and women with impaired glucose tolerance who participated in the Finnish Diabetes Prevention Study (DPS), intensive lifestyle intervention, compared with the 'standard care' control group, resulted in modest weight loss (4.5 vs 1.0 kg after 1 year) and a 58% reduction in diabetes risk [1, 16] . However, the independent effect of the dietary composition on weight change and risk for type 2 diabetes was not analysed. The aim of the present study was to utilise the DPS data to assess the association between dietary macronutrient composition, in particular dietary fat, fibre and energy density and change in body weight and waist circumference and diabetes risk.
Subjects and methods
Altogether, 522 individuals participated in the Finnish DPS. The study design has been described in detail previously [1, 16, 17] . According to the inclusion criteria, study subjects (172 men and 350 women) were middleaged (40-64 years) and overweight (BMI>25 kg/m 2 ) at baseline, and had impaired glucose tolerance according to WHO 1985 criteria [18] . All study subjects gave written informed consent and the study protocol was approved by the ethics committee of the National Public Health Institute, Helsinki, Finland. Individuals who did not participate in any annual follow-up visits by year 3 (n=15) or who had missing data on dietary intake at baseline (n=1) or during the follow-up (n=6) had to be excluded from the current analyses.
The study participants were advised to lose weight, increase physical activity and consume a moderate-fat (total fat<30% of energy [E%], saturated fat<10 E%), highfibre (>15 g/1,000 kcal) diet. For the participants in the control group the lifestyle advice was given as 'standard care counselling' at baseline. The participants in the intensive intervention group were given individualised, detailed dietary counselling, with seven sessions during the first year and every 3 months thereafter [1, 16] . They were also offered free-of-charge supervised resistance-trainingbased physical activity sessions. In addition, altogether 48 of the participants in the intervention group chose to engage in a 2-to 5-week very-low-calorie diet (VLCD) phase to boost weight reduction.
The baseline and annual clinical examination included measurements of weight (in light indoor clothes to the nearest 100 g), height (without shoes to the nearest 1 mm), and waist circumference (midway between the lowest rib and iliac crest to the nearest 1 mm). BMI was calculated dividing the weight (kg) by the height (m) squared.
Questionnaires regarding medical history, exercise and dietary habits were collected at baseline and each annual visit. Subjects were classified as having a family history of diabetes if at least one parent had diabetes. Those who smoked on at least 5 days per week were categorised as regular smokers. Leisure time physical activity during the previous year was estimated using the validated Kuopio Ischaemic Heart Disease Risk Factor Study 12-month Leisure-Time Physical Activity questionnaire [19] , and physical activity (min/week) at baseline and during the intervention period were added into the adjusted models as cofactors.
The study subjects completed a 3-day food record at baseline and before every annual study visit. They were asked to write down everything they ate and drank (except plain drinking water) using a picture booklet of portion sizes of typical foods as the reference. The completeness of the food records was checked at the face-to-face session with the study nutritionist during the study visit. The nutrient intakes were calculated with a dietary analysis programme developed at the National Public Health Institute [20] as E% values for energy-yielding nutrients and fibre density per 1,000 kcal. Food weight was calculated from the food records as total amount of foods and beverages consumed (g), excluding only drinking water and mineral water. Energy density was calculated by dividing energy (kcal) of food with food weight (100 g). The averaged intake during the year 1 (n=499), 2 (n=467) and 3 (n=424) was used in the analyses.
The annually measured biochemical parameters included fasting and 2-h post-challenge (75-g OGTT) plasma glucose after a 12-h fast. Plasma glucose was determined locally according to standard guidelines. The development of type 2 diabetes was the primary endpoint. Diabetes was defined according to the WHO 1985 criteria [18] , i.e. either fasting plasma glucose ≥7.8 mmol/l or 2-h post-challenge plasma glucose ≥11.1 mmol/l. The diagnosis of diabetes had to be confirmed by a second OGTT. After the diagnosis of diabetes had been established, the subject was referred to his/her own physician for treatment, and the follow-up in the DPS was discontinued. A highly significant difference in the incidence of diabetes between the treatment groups was detected after 3.2 years of follow-up [1] , and therefore the intervention phase was terminated prematurely after a mean duration of 3.9 years (range 0-6 years).
Statistical analyses were performed with the statistics package Stata (release 8.0; STATA, College Station, TX, USA). In all analyses of the present paper the two treatment groups were pooled, and the group assignment was used as a cofactor in the adjusted models. Weight and waist circumference change from baseline to year 3 was calculated by subtracting the value at year 0 from the value at year 3. The last-observation-carried-forward (LOCF) method was used in the calculations for those who were diagnosed with diabetes (n=53) or dropped out (n=18) before the 3-year visit.
Analysis of covariance (ANCOVA) and χ 2 -tests were used to analyse the baseline and follow-up period differences between those who developed diabetes during the follow-up and those who did not. The ANCOVA adjusting for group assignment, age, VLCD-use as part of the intensive intervention (adjusted to 'not used'), physical activity at baseline and during the follow-up period, and baseline weight and nutrient intakes, was used to analyse the associations of quartiles of dietary intake during the follow-up with weight and waist circumference changes. Adjustment for the baseline intake of the nutrient in question was used to control for regression-to-the-mean effect, since those who report extreme intakes are, due to intra-individual variation, likely to report less extreme intakes at follow-up. Trends across the quartiles were analysed by adding the quartile into the model as a continuous variable.
The Cox model was used to calculate the hazard ratios (HRs) for developing diabetes between quartiles of dietary intake, with the lowest quartile as the reference category. These analyses were adjusted for group assignment, sex, age, physical activity at baseline and during the follow-up period, baseline weight, baseline nutrient intake, and the baseline 2-h post-challenge plasma glucose, and in further analyses, with the weight change from baseline to year 3.
To clarify the combined effect of dietary fat E% and fibre density, participants were divided into low-(below median) and high-(above median) intake groups. Between these categories, ANCOVA was used to analyse effects on the weight reduction and the Cox model to analyse effects on diabetes risk. In all analyses p<0.05 was considered statistically significant.
Results
At baseline, mean (±SD) age of the study participants was 55±7 years, mean BMI was 31±4 kg/m 2 , mean fasting plasma glucose was 6.1±0.7 mmol/l and mean plasma glucose 2 h after glucose load was 8.9±1.5 mmol/l. Cholesterol-lowering drugs were used by 5% and blood pressure-lowering drugs by 29% of the participants. A family history of diabetes was common: 63% of the participants had at least one parent with diabetes. Only 5% were regular smokers.
After a mean follow-up of 4.1 years, 114 of the 500 participants had been diagnosed with diabetes. Those who developed diabetes were more obese at baseline, measured as weight, BMI or waist circumference, and they had higher fasting and 2-h plasma glucose values ( Table 1 ). The individuals who remained free of diabetes lost more weight and reduced their waist circumference more, also after adjustment for sex, group assignment and baseline value of obesity (BMI, weight or waist circumference), and they did not experience deterioration of glucose values during the first 3 years of the study.
Subjects who were diagnosed with diabetes tended to consume a diet with lower carbohydrate and fibre content, and also higher in alcohol at baseline ( Table 2 ). The reported alcohol consumption (2-3 E%) was, however, low throughout the study. Among those who remained free of diabetes, E% of carbohydrates and fibre density increased further, and energy proportions of total, saturated and mono-unsaturated fat, and intake of cholesterol decreased compared with those who were diagnosed with diabetes during the study.
In separate models, fibre density, fat E% and energy density of the diet during the follow-up were associated with weight reduction, after adjustment for group assignment, sex, physical activity, VLCD-use, baseline weight and baseline nutrient intake (Table 3) . Weight loss was related to an increase in fibre (p for trend=0.001) and decrease in fat (p for trend=0.018) and energy density (p for trend=0.001). Fibre density of the diet was inversely associated with the change in waist circumference even after adjustment for weight change (p for trend=0.033).
A total of 147 (29%) of the study subjects had lost 5% or more of their baseline weight at year 3. Fibre density, fat E%, saturated fat E% and energy density were separately associated with sustained >5% weight reduction, after adjustments for potential confounders. The most signifi- (Table 4) . HRs for diabetes incidence by quartiles of dietary intakes are given in Table 5 . In the analysis adjusted for group assignment, sex, age, baseline weight, baseline 2-h glucose, physical activity and baseline intake, higher fibre density (p for trend=0.01) and lower fat intake (p for trend=0.004) were associated with a reduced diabetes risk. Further adjustment for weight change during the trial did not affect the results notably. When both fat and fibre were simultaneously entered into the same adjusted prediction model, due to multicollinearity (r=0.60) neither was a significant predictor for diabetes: the HR was 0.88 (95% CI 0.68-1.16) according to increasing fibre density quartile and 1.23 (95% CI 0.95-1.58) according to increasing fat E% quartile.
The adjusted 3-year weight reduction among those whose diet was both low in fat and high in fibre was 3.1 kg (95% CI 2.3-3.9 kg) (Fig. 1) . Among the subjects whose diet was high in fat and low in fibre, weight reduction was significantly less at 0.7 kg (95% CI for weight change −1.7 to +0.1 kg). Compared with low-fat/high-fibre diet, the HR for diabetes was 1.98 (95% CI 0.98-4.02, p=0.06) in the low-fat/low-fibre category, 2.68 (95% CI 1.40-5.10, p=0.003) in the high-fat/high-fibre category and 1.89 (95% CI 1.09-3.30, p=0.024) in the high-fat/low-fibre category (Fig. 2) .
Discussion
We used the DPS data to assess the association between dietary composition and change in weight and diabetes risk. The analyses revealed that a decrease in dietary fat and energy density and an increase in fibre density were associated with sustained weight reduction in a dosedependent manner. Furthermore, low-fat and high-fibre intakes predicted decreased diabetes risk independently of body weight change and physical activity.
A debate about optimal diet for weight reduction prevails. Studies with strictly controlled energy intake have shown that weight reduction can be achieved with any dietary regimen as long as energy intake is lower than energy expenditure [21] [22] [23] [24] . Permanently reduced energy intake, which is essential after weight reduction unless energy expenditure by physical activity is clearly increased, is more difficult to achieve [25] . Our results offer support for the validity of the current recommendations to reduce fat and increase fibre-rich carbohydrate intake, to achieve sustained long-term weight reduction.
Reduction of fat intake has for several decades been the conventional approach for weight control. According to a review by Astrup et al. [26] , a 4-5 kg weight loss can be achieved with 10 E% reduction in dietary fat in obese individuals, at least in short-term (<1 year) studies. Fat contains more energy per gram than other energy-yielding nutrients and also makes the diet palatable, but simultaneously less satiating, and therefore a high-fat diet is believed to promote weight gain [5, 6] ; however the issue is controversial [7] . In recent studies [27] [28] [29] a low-carbohydrate diet resulted in more pronounced short-term weight reduction compared with a conventional low-energy, lowfat dietary regimen, probably because the achieved energy deficit was larger. However, the statistically significant difference in early weight loss between the groups disappeared at 12 months [27, 30, 31] , indicating that individuals are not able to adhere to such a restricted diet. Moreover, the long-term safety of low-carbohydrate diets in weight-stable individuals is not known [32] . Still another popular, and evidently efficient [22, 31] weight-loss approach is to increase protein intake up to 30% of total energy, with a decrease in either fat or carbohydrate. An increase in protein intake may increase patient satisfaction during a low-fat, energy-restricted diet [22] and has been shown to accelerate weight loss [33] and prevent weight regain [34] . In our study we emphasised adequate protein intake (0.8 g/1 kg body weight) but did not advise to increase it more than that. It is impossible to say whether advocating an increase in protein would have led to larger weight reduction than was achieved in our study. We did, however, also analyse the association of the protein intake (E%) quintile with weight reduction and diabetes incidence, but did not see any significant effects (data not shown).
The intake of dietary fibre has been shown to be inversely correlated with body weight and weight reduction [8, 35, 36] . Fibre may increase satiation directly by increasing gastric distension and thereby giving a feeling of fullness, or indirectly through secretion of gut hormones (incretins), and satiety through delaying gastric emptying and nutrient absorption. Furthermore, fibre may decrease dietary energy intake by reducing absorption of fat and protein [8] . In the present study an increase in dietary fibre intake was also associated with a reduced waist circumference, independently of weight change. A similar finding was previously seen in an observational study on American male health professionals [37] . The mechanism explaining the inverse association between waist circumference and fibre intake is not clear. The effect of dietary fibre may be mediated by changes in insulin resistance. High-fibre intake has been shown to be associated with enhanced insulin sensitivity [38] [39] [40] . On the other hand, insulin resistance may, as discussed by Kahn and Flier [41] Fig. 1 Mean (white bars) and adjusted (grey bars) weight change (95% CIs) from baseline to year 3 (LOCF) by fibre (cut-off point median 13.0 g/1,000 kcal) and fat (cut-off point median 33.15 E%) intake (mean of years 1-3). Adjusted mean is calculated with ANCOVA adjusting for group assignment, VLCD-use, age, sex, baseline weight, baseline fat and fibre intake, and baseline and follow-up period physical activity contribute to the development of obesity. Smoking is known to increase central obesity [42] . In our study, smoking was remarkably uncommon, and thus did not confound the association between fibre intake and waist circumference. The low rate of smoking may be explained by the fact that the study participants were volunteers and probably more health-conscious than the general population.
A recently recognised factor potentially influencing nutrient intake is the energy density of the diet [43] . People have been shown to be only partly able to compensate for changes in dietary energy density by increasing or decreasing the total amount of food, at least in short-term clinical studies [44, 45] . In our analysis, dietary energy density was highly significantly associated with sustained weight reduction; on the other hand, energy density is a composite factor of dietary fat, fibre and water. Weight reduction among the low-fat/high-fibre consumers was threefold compared with the high-fat/low-fibre group, indicating that to achieve the best results one should make extensive changes in dietary pattern, rather than focusing on any single nutrient.
Obesity is a well-established risk factor for type 2 diabetes, and we have previously shown that in the DPS population diabetes risk was reduced dose-dependently with weight reduction [46] . Obesity increases insulin resistance, and in a subgroup analysis of the DPS study population a strong inverse correlation was found between the 4-year weight change and insulin sensitivity [47] . In addition, according to the present analyses the composition of the diet affected diabetes risk independently of weight change. Several epidemiological studies have shown that low intake of total fat [9, 10] , saturated fat [10, 11] and high intake of cereal, cereal fibre and total fibre [12] [13] [14] [15] , are associated with decreased diabetes risk during the followup period. In most of these studies, dietary changes during the follow-up period were typically not taken into account.
In our study, the participants were advised to make changes in their diet, and dietary intake was monitored continually. Furthermore, the association between nutrient intakes during the follow-up and diabetes risk was adjusted for baseline nutrient intakes.
Type of fat (namely, high saturated and trans-fatty acid and low unsaturated fatty acid intake), rather than total fat intake, has in several studies been associated with increased diabetes risk [48] . In our study the total and saturated fat intakes were highly correlated (r=0.81) and the intake of mono-unsaturated fat remained relatively stable throughout the study. Furthermore, the intake of trans-fatty acids was low, on average 0.7 E% (data not shown). This might explain why total fat intake was the fatrelated variable most consistently associated with diabetes risk in our analyses.
Our study, like dietary intake trials in general, has several limitations. The dietary intervention was planned to encourage an increase in dietary fibre and a decrease in fat intake, and it is possible that individuals who succeeded in weight reduction were more likely to report consuming 'the recommended diet'. In addition to dietary changes, the participants were advised to increase physical activity. Therefore, all the models to investigate the effect of dietary composition were adjusted for physical activity at baseline and during the intervention, but some residual confounding might remain. Furthermore, the energy intakes calculated from the food records revealed that under-reporting had taken place. However, this may not be too problematic, because we calculated energy proportions of nutrients and not absolute amounts. Overweight and obese people are known to be even more prone to dietary under-reporting than normal-weight individuals. Such an under-reporting has been shown to be a stable characteristic of an individual [49] , and as the results were adjusted for the baseline, it may not cause a bias in our study. Changes in specific dietary intakes were correlated: those who decreased fatcontaining foods increased carbohydrate-and fibre-containing foods, and simultaneously the energy density of the diet decreased. This real-life phenomenon is problematic in statistical analyses. When the predictors entered into a model simultaneously have multicollinearity, they tend to attenuate each other, as also shown in our data. Therefore, instead of calculating one model including all dietary variables, we used separate models, and selected the two most significant predictors for the combined analysis. The highest diabetes risk was seen among the high-fat/highfibre and not, as would have been expected, among the high-fat/low-fibre consumers. The HRs, however, did not differ statistically significantly and thus the effect may be coincidental, or due to confounding by some unknown factors.
We have shown that a long-term weight reduction during the Finnish DPS was best achieved by reducing energy density and dietary fat and increasing fibre intake. As for the long-term health benefits, our results strongly support the validity of the current dietary recommendations to the general population: reducing the intake of saturated fat and increasing fibre-rich whole-grain cereals and fruit and vegetables, is important, not only in terms of overall health but also for sustained weight reduction and the prevention of type 2 diabetes in overweight individuals.
